The positions of post-transcriptionally methylated residues within hamster mitochondrial ribosomal RNA have been established. Comparisons with other mitochcndrial rRNA, and with bacterial, eucaryotic and chloroplast rRNA show that the methylated regions i) are comprised of conserved primary sequences and/or secondary structures and ii) are situated at the subunit interface of the ribosome.
INTRODUCTION
An interesting feature of ribosomal RNA is the presence of post-transcriptionally methylated nucleosides. Comparisons of the minor nucleoside compositions of procaryotic (2) (3) (4) , eucaryotic (5) (6) (7) (8) (9) and mitochondrial rRNAs (10) (11) (12) (13) (14) (15) (16) show that several of the methylated nucleosides have been conserved over a diverse phylogenetic range. Moreover, this conservation extends to the nucleotides Immediately surrounding methylated residues; that is, the methylated nucleosides of rRNA are located In those regions of the molecule which demonstrate a high degree of primary sequence conservation (17, 18) .
Mitochondrial rRNAs have extremely simple modification patterns. 13S rRNA, the small ribosomal subunit (SSU) RNA of hamster mitochondria, contains one residue of m 5 U, m 4 C and m 5 C and two residues of m^A (10) . The LSU RNA of hamster mitochondria, 17S rRNA, contains the ribose-methylated sequences GmG and UmGmU (11) . In this paper we determine the nucleotide sequences of the methylated oligonucleotides from T 1 RNase and RNase A digests of hamster mitoohondrial rRNA. With these data the positions of the methylated nucleosides within 13S and 17S rRNAs can be localized by examining the primary seauences of hamster and mouse mitochondrial rRNAs (11, 19) . Comparisons with related sequences from other mitochondrial rRNAs (20) (21) (22) and from bacterial (23) (24) (25) , eucaryotic (26, 27) and chloroplast (28, 29) rRNAs underscore the conserved nature of these methylated rRNA regions. In addition, we propose that the UmGmU region of 17S rRNA comprises part of the ribosomal binding site for the 3'-terminus of aminoacyl-tRNA.
Some of these results were presented briefly at the Conference on the Organization and Expression of the Mitochondrial Genome, held at Bari, Italy in June, 1980 (13) .
BHK-21 cells were grown and labeled in modified Eagle's medium supplemented with adenoslne and guanosine to minimize flow of H from [methyl-H]methionine into purine rings (11) . 4 x 10 Cells were incubated for 20 hours in one liter of medium containing 100 mCi of 3 2 P 1 at O.h pmoles/ml and 15 mCi of [methyl-%]nethionine at 7.9 yg/ml. The subsequent fractionation of cells and purification of mitochondrial rRNA, which has been described previously (11) , yielded double-labeled RNA of sufficient specific activity for sequence analysis.
Methylated oligonucleotides were isolated and analysed by the sequencing procedures of Sanger and colleagues (30) and modifications thereof (31) (32) (33) (34) (35) .
T 1 RNase and RNase A digests of double-labeled RNA were fractionated by "mini-fingerprinting" (31) and the methylated oligonucleotides were identified by assaying autoradiographic fingerprint spots for the presence of tritium. For sequence determination, oligonucleotides were hydrolysed with any of the following enzymes: RNases I,, T 2 , A, U 2 and P^, and snake venom phosphodiesterase. The P 1 RNase reaction was carried out at 37°C for 60' in 10 yl of 10 mM sodium acetate, pH 6.0, containing 5 ug of enzyme; the other RNase digestions were performed under conditions described by Brownlee (30). The reaction products were then separated by electrophoresis on filter paper at pH 3.5 (10, 11) , electrophoresis on DEAE-paper at pH 1.9 or pH 3.5 (30) , chromatography on PEI-cellulose (33) or mini-fingerprinting (31) . The identities of the reaction products were determined by co-migration with UV-abaorbing standards or base composition analysis (32) and were quantitated by scintillation counting. The preparation and sequencing of 5'-endlabeled oligonucleotides has been described (34) (35) .
RESULTS
In vivo-labeled methylated ollgonuoleotides of mitochondrial rRNA 13S and 17S mitochondrial rRNAs were purified from EHK-21 c e l l s uniformly labeled with ^2pi a n c j [methyl-^H]methionine, and T 1 RNase d i g e s t s of these RNAs were fractionated by m i n i -f i n g e r p r i n t i n g ( F i g . 1). Each spot was assay-32 3 ed for J P, which provided a uniform nucleotide l a b e l , and H, which provided a methyl-label. Those spots which contained s i g n i f i c a n t methyl-label a r e l i s t e d in Table 1 .
The molar yields of the t r i t i a t e d spots 13S-T13 and 17S-T44 approached unity and these spots could thus be considered as radiochemically p u r e . The high molar yields of t h e other t r i t i a t e d T^s p o t s suggest t h a t these a r e each comprised of a methylated oligonucleotide and unmodified oligonucleo- Table 1 ) . The unmodified spot AAAG of 13S rRNA i s marked with an a s t e r i s k . Fig. 1 ) was scraped into a scintillation vial and assayed for H and Aside from the spots listed, no spot contained more than 15 CPM of H. The lengths of the oligonucleotides of each spot were estimated on the basis of the position of the spot in the fingerprint, together with the results of subsequent secondary analyses (see Table, 2, below). Apparent molar yields were based on the amounts of P in each spot relative to the total recovered from the fingerprint, assuming chain lengths of 956 and 1582 nucleotides, respectively, for 13S and 17S RNA (19) , and the tabulated values for oligonucleotide lengths.
ified oligonucleotides. Regardless, sequence analysis of these methylated oligonuoleotides did not require furthur purification ( v . i . ) .
The compositions of the methylated T.|-oligonucleotides are displayed in the second column of Table 2 . All, and only, the methylated nucleotides previously described in hamster mitochondrial rRNA are observed in these methylated oligonucleotides. In accord with the tandem arrangement of m^Ap in the SSU RNAs of procaryotes and eucaryotes (3, 9) , both m^Ap residues of 13S rRNA are found within the same T^oligonucleotide of 13S-T17-II. Less expected i s the localization of the two modified cytidines of 13S rRNA to a single T^oligonucleotide, 13S-T13.
As summarized in Table 2 , the strategy of sequence determination entailed secondary digestions of each methylated T.|-oligonucleo tide with a battery of nucleases, fractionation of the products of these digestions and, if necessary, base composition analysis of the products. The results of the enzymatic reactions were marked by a number of idiosyncracies ascribable to the presence of modified nucleotides. The resistance of the 3'-phosphodiester bond of 2'-0-n>ethylated nucleotides to cleavage by RNases T.,, T 2 , and/or A was encountered in the analyses of 17S-T14 and 17S-T84. Curiously, the 3'-linkage of m^A, although susceptible to T 2 RNase, was resistant to RNase U 2 . The sequential 5 '-exonucleolytic activity of spleen phosphodiesterase was abruptly arrested upon removal of the two 5'-terminal nucleotides of US-TW; further sequence analysis ( v . i . ) revealed that the succeed- 
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Digestion procedures, and the subsequent fractionation and identification of digestion products, are described in METHODS. Since the methylated components of 13S-T21 and 17S-T84 were not purified, we present only the methylated digestion products of these spots, as detected by the ^H label. Here and elsewhere we use standard abbreviations for methylated residues; E.g., m^A, N 6 ,N 6 ,-dimethyladenosine; Um, 0 2 '-methyluridine; also, oligo, oligonucleotide. ing residue i s 2'-0-methyluridine, evidently an improper substrate for the enzyme. Likewise, the inability of spleen phosphodiesterase to digest 13S-T13 or 13S-T17-II can be attributed to the ooourenoe of modified nucleotides at the 5'-termini.
RNase P-,, which selectively reduces the 5'-terminal residue of a T^-oligonucleotlde to a riboside, proved particularly useful for the sequence analysis of 13S-T13 and 13S-T17-H. These oligonucleotides yielded the nucleosides m C and m^A, respectively, upon digestion with P^.
In order to corroborate, and perhaps extend, the seauences of the meth- (Table 3) .
Mobility shift analysis of the UmGmU-containing T^oligonucleotide
To further define the sequence around UmGmU, we prepared 5'-endlabeled, UmGmU-contalninc! T.-oligonucleotide. Many of the small oligonucleotides were released by RNase A as the 2'-3' 5 cyclic isomer (indicated by the symbol ">"). As with 17S-T17, the nuA-containing oligonucleotide migrated exceptionally fast in both dimensions of the fingerprint oligonucleotide, which we designated 17S-TKt4. An aliquot was digested exhaustively with T£ RNase and analysed by electrophoresis on DEAE-paper; as expected, >85$ of the ^2P migrated with the optical density marker for pUp.
The sequence of 17S-TK44 was revealed by a mobility shift experiment which entailed a partial digestion of the oligonucleotide with snake venom phosphodiesterase (27) followed by 2-dimensional fractionation of the product (Fig.   2) . The deduced sequence, pUUUmGmUUCAACG, agrees with our data on the in vivo-labeled oligonucleotide, 17S-T44.
DISCUSSION
The nucleotide sequences around the methylated residues of hamster mitoehondrial rRNA, as derived from sequences of the corresponding methylated oligonucleotides, are listed in Table 4 . Recently, the complete sequence of the mouse mitoehondrial ribosomal DNA has been established (19) . Each of the five methylated sequences of hamster mitoehondrial rRNA can be located uniquely in one site of the respective mouse mitoehondrial rRNA gene ( Table   4) . rRNA lie within a thirteen nucleotide sequence which has been found to be perfectly conserved and also methylated in all SSU RNAs studied (14) . The kethoxal-reactivity pattern of related sequences in JL. coli 16S rRNA indicates that both of these methylated regions, although exposed in the SSU, are obscured by the LSU during subunit association (36, 38) . Our localization of m C, w?C and m 2 A within the mouse rRNA gene sequence (Table 4) (Table 4 and ref. 19 ). The octanucleotide can also be located midway through E. coli 16S rRNA, albeit in unmodified form (23, 24) , and occurs in a similar location in the maize chloroplast 16S rRNA gene (28) . The secondary structure of £,, coll 16S rRNA in this region, as inferred by Woese et. al. (36) , is shown in Figure 3i together with homologous structures constructed from the corresponding organellar rRNA sequences.
Kethoxal studies have shown that in E. coli ribosomes this structure occurs at the 30S-5OS interface (37, 38) . Although the E. coli sequence is unmodi- 40, 41) , and in at least one organism (Rhodopseudomonas spheroides) the first U is modified (12) . In this connection it is interesting-to note the claim that plant mitochondria have arisen from purple photosynthetic bacteria (13), a group that includes R. spheroides (also see ref. 44 ).
The universal UmGmU hairpin of LSU RNAs
We have proposed that the UmGmU sequence of hamster mitochondrial 17S
rRNA is homologous to the universal UmGnY sequence of eucaryotic 28S rRNA and to a UnG sequence of fungal mitochondrial and JL=_ coli LSU RNAs (11) . A recent study revealed the presence of GmU in mycoplasma 23S rRNA (4), and indeed every LSU RNA examined to date contains either the UrnGmY sequence or one of i t s under-modified congeners: UniGmU, UmG or GmO. The present work supports t h i s idea and permits us to extend i t . The UmGmU sequence of hams t e r mitoehondrial 17S rRNA i s located at a d i s t a n c e of about 12$ from the 3'-end of the molecule (Table  1 4 ). The nucleotide r e s i d u e s immediately flanking i t can form a s t a b l e hairpin comprised of a five base-pair stem and a five r e s i d u e , methylated loop (Fig. 4) • Similar h a i r p i n s can be constructed from homologous sequences located at a d i s t a n c e of 10-15% from the 3'-ends of E. c o l i (25), yeast mitoehondrial (22), human mitoehondrial (nucleotides 3O3t-3(M8 of r e f . 21) and rat mitoehondrial (nucleotides 1195-1509 of ref.
20) LSU RNAs; in each c a s e , the loop sequence UGUUC has been s t r i c t l y conserved. Also, the sequence of the highly conserved, UmGrny-containing T^o l i g o n u c l e o t i d e of vertebrate 28S rRMA (27) has the p o t e n t i a l to form an analogous h a i r p i n s t r u c t u r e (Fig. 4 ) . Recently the position of the UmGmM 1 has been l o c a l i z e d to within t h e 3'-terminal 20f of 28S rRNA (15) .
The UmG of E. c o l i 23S rRNA occurs in the T-j-oligonucleotide CUmG ( 3 ) .
I t s p o s i t i o n in the molecule cannot be e s t a b l i s h e d on the basis of i t s s e -
quence alone because GCUG occurs 22 times in 23S rRNA. However, a GCUG sequence l i e s within the E. c o l i 23S rRNA h a i r p i n depicted in Figure 4 , in p r e c i s e l y the p o s i t i o n which would render the UmG moiety homologous to the UmGm sequence of mammalian mitoehondrial and v e r t e b r a t e LSU rRNAs. Likewise, we propose t h a t the putative UmG of yeast mitoehondrial LSU RNA (11,16) i s a l s o located in a homologous h a i r p i n (Fig. t ) . We also believe t h a t a Figure 4 . The u n i v e r s a l UmGmU hairpin of LSU RNA. The rodent mitoehondrial h a i r p i n was derived from hamster (Table 3 ) and mouse (19) sequences; the yeast mitoehondrial hairpin was derived from the sequence of Duj on (22); the 15. c o l i h a i r p i n from the sequence of Brosius e t a l (25) ; and the v e r t e b r a t e h a i r p i n from the sequence of a T^ o l i g o n u c l e o t i d e found in human, r a t , mouse, and chicken 28S RNA (27) . Kethoxal-reactive and puromycin-reactive n u c l eo t i d e s a r e marked with "k" and "+", r e s p e c t i v e l y .
ribose-methylated T^-oligonucleotide reported (46) for Neurospora crassa mitochondrial LSU RNA, (A,C,U)Gp, will prove to be ACUmGp since the corresponding GACUG sequence is found in the U m G hairpin of yeast mitochondrial LSU R N A (Fig. 4) . Therefore, in the active ribosome, the two chloramphenicol-resistance s i t e s and the puromycin-reactive s i t e , although fairly well separated in the primary sequence of LSU RNA, probably converge to participate in the binding of the 3'-terminus of aminoacyl-tRNA. To begin to define the molecular conformation of t h i s portion of the peptidyltransferase center we have examined possible secondary structure of LSU RNA in the region. Previously the comparative approach had proven successful for uncovering secondary interactions of rRNA (11, 39, 51) . In addition to the yeast mitochondrial sequence referred to above and of course that for E_ coli 23S rRNA, extensive sequence data for regions flanking putative -UmGmU hairpins" are available for mouse, rat and human mitochondrial LSU RNA (19) (20) (21) . By aligning all these regions and searching for local complementarities that are conserved despite divergence of primary sequence, we were able to generate a common secondary structure, as shown for E. coli and mouse mitochondrial LSU RNAs in Fizure 5. As noted above, the sequence presented by Allet and Rochaix for chloroplast 23S rRNA (29) cannot form the "UmGmU hairpin ; nevertheless the four other secondary interactions illustrated in Figure 5 can all be constructed from that sequence. In any case, it can be seen that the proposed common secondary structure is compact by virtue of extensive hairpin formation, in good accord with the idea that puromycin and chloramphenical binding sites are indeed close to one another in the ribosome.
Vertebrate 28S rRNA contains in molar quantities not only the UmGrnf sequence discussed above but also a UmGmU trinucleotide (8, 9, 11) .
Our argument that mitochondrial UmGmU is homologous to eucaryotic
VrnGmf was based on kinetics of methylation, the phylogenetic distribution of UmGmf, and the general absence of pseudouridine in mitochondrial rRNA (11) . The structural homology between the UmGnO region of 17S RNA and the UmGnrc-containing T-j-oligonucleotide of 28S RNA (Fig. 14) provides further support for this proposal. The presence of UmGmU in vertebrate 28S rRNA thus remains a curiosity which cannot be explained satisfactorily at present. Perhaps its synthesis is a secondary, and biologically insignificant, activity of the methylase(s) responsible for the production of UmGmT . More interestingly, one could speculate that the vertebrate UmGmU sequence may represent a structure in the ribosomal P 1 site which is functionally analogous to the "UmGm hairpin" in the A 1 site.
The GmG sequence of mitochondrial LSU RNA GmG of hamster mitochondrial 17S rPNA can be localized to a position 73?
of the distance from the 5'-terminus (Table 4 
